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activity in vitro (reviewed in Lehrer and Ganz, 1990).
Whether these activities reflect the function of neutrophil
granule enzymes under the special conditions of the
intact phagocytic vacuole in vivo remains uncertain.
Neutrophil activation induces the respiratory burst and
Josephine Tkalcevic,*k Marco Novelli,³
Marios Phylactides,* John P. Iredale,*#
Anthony W. Segal,*² and JuÈ rgen Roes*§
*Department of Medicine
University College London
The Windeyer Institute of Medical Sciences production of reactive oxygen intermediates (ROI) initi-
ated through the reduction of molecular oxygen to su-46 Cleveland Street
London W1P 6DB peroxide by the NADPH oxidase of phagocytic cells
(Segal and Abo, 1993). The granule content is releasedUnited Kingdom
²The Rayne Institute into the phagocytic vacuole, where the killing of ingested
microbes occurs.5 University Street
London WC1E 6JJ The critical role of ROI in the microbicidal activity of
neutrophils is demonstrated in chronic granulomatousUnited Kingdom
³Department of Histopathology disease (CGD), a genetic condition characterized by mu-
tations in the NADPH oxidase of phagocytic cells (Roos,Rockefeller Building
University Street 1994). The susceptibility to microbial infection that char-
acterizes the former condition is also observed in theLondon WC1E 6JJ
United Kingdom corresponding mouse models (Jackson et al., 1995; Pol-
lock et al., 1995). Due to the complexity of the phagoly-
sosomal environment, however, it has been difficult to
clearly separate oxygen-dependent and oxygen-inde-Summary
pendent effector mechanisms of neutrophils and deter-
mine their relative contribution to neutrophil effectorWhile the critical role of reactive oxygen intermediates
function in vivo.(ROI) in the microbicidal activity of polymorphonuclear
A family of granule serine proteases stored in thegranulocytes is well established, the function of the
primary granules of neutrophils includes granulocytenonoxidative effector mechanisms in vivo remains un-
elastase (GE), proteinase 3 (PR-3), azurocidin (AZU), andclear. Here we show that mice deficient in the neutro-
cathepsin G (CG). The genes encoding GE, PR-3, andphil granule serine proteases elastase and/or cathep-
AZU are closely linked in a cluster on human chromo-sin G are susceptible to fungal infections, despite
some 19pter (Zimmer et al., 1992) and mouse chromo-normal neutrophil development and recruitment. The
some 10 (Belaaouaj et al., 1997), while CG is encodedprotease deficiencies but not the absence of ROI leads
in a separate cluster on chromosome 14 in humansto enhanced resistance to the lethal effects of endo-
(Caughey et al., 1993) and mice (Heusel et al., 1993).toxin LPS, although normal levels of TNFa are pro-
The coordinated transcription of these loci is restrictedduced. The data demonstrate a critical role of the non-
to myeloid precursors in the bone marrow, and the pro-oxidative effector mechanisms of neutrophils in host
teins are stored in the granules of the mature neutrophilimmunity and immunopathology and identify elastase
(Fouret et al., 1989; Zimmer et al., 1992; Heusel et al.,and cathepsin G as effectors in the endotoxic shock
1993). Low levels of GE and CG can be found in subpop-cascade downstream of TNFa.
ulations of monocytes. Since these residual enzyme lev-
els are lost upon differentiation into macrophages and
Introduction superseded by macrophage-specific proteins, they are
considered a remnant of gene expression in myeloid
Mutations affecting the development or function of poly- precursors with little if any functional relevance (Shapiro
morphonuclear granulocytes (PMN, neutrophils) in hu- et al., 1991).
mans (Mills and Noya, 1993) and animal models (Jack- The biochemistry of GE and CG has been studied
son et al., 1995; Pollock et al., 1995; Roberts et al., 1999) extensively revealing broad, overlapping substrate speci-
are often associated with susceptibility to opportunistic ficities (reviewed in Rest, 1988) and microbicidal activity
infections, indicating the critical role of neutrophils and of these proteases in vitro (Gabay and Almeida, 1993).
their products in host immunity. The granules of neutro- Their ability to degrade extracellular matrix components
phils contain a variety of hydrolytic enzymes and poly- and the reported integrin binding activity of elastase
peptides, which show proteolytic and/or microbicidal (Cai and Wright, 1996) may suggest a possible role in
neutrophil extravasation and tissue infiltration.
While playing a protective role in host immunity, neu-§ To whom correspondence should be addressed (e-mail: j.roes@
ucl.ac.uk). trophils and their products, including GE and CG, have
k Present address: Centre for Functional Genomics and Human Dis- also been implicated in numerous inflammatory dis-
ease Monash Institute of Reproduction and Development, 27±31 eases such as adult respiratory distress syndrome, is-
Wright St, Clayton 3168, Australia.
chemia reperfusion injury, emphysema, rheumatoid ar-# Present address: Mail point 811, Level D, South Block Southamp-
thritis, and endotoxic shock (Malech and Gallin, 1987;ton General Hospital, Tremona Road, Southampton SO16 6DY,
United Kingdom. Leff and Repine, 1993). The latter is a complex systemic
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Figure 1. Targeted Mutagenesis of the GE and CG Loci in Mouse Embryonic Stem Cells
Structure of the GE (A) and CG (B) genomic loci (i), the respective targeting constructs (ii), the targeted loci after homologous recombination
(iii), and the targeted loci following Cre-mediated deletion in ES cells (iv). Shown in (v) is Southern blot analysis of genomic DNA samples
digested with HindIII (A) or with SpeI (B) probed with GE cDNA or a genomic SalI±HindIII fragment derived from the 59 end of the CG locus,
as indicated by a black horizontal bar in (B). Solid boxes represent exons and the open boxes indicate either the Cre, neor, or the HSV-Tk
gene. The triangles represent loxP sites. Restriction sites marked with asterisks were deleted during the cloning procedure introducing frame
shift mutations into the coding region.
response to bacterial products such as lipopolysaccha- Results
rides (LPS, endotoxin) ultimately leading to multiorgan
Generation of GE- and CG-Deficient Micefailure and death (Parrillo, 1993). The induction of cyto-
Mice deficient in GE or CG were generated by genekines by LPS, specifically of TNFa, is a critical proximal
targeting in embryonic stem cells (Figure 1) and germlineevent in the endotoxic shock cascade. Recombinant
transmission of the mutant gene loci through the genera-TNFa induces many of the events and deleterious ef-
tion and breeding of chimeric mice. Mouse lines lackingfects of endotoxin (Tracey et al., 1986), and mice defi-
both GE and CG (GECG) were established by intercross-cient in the TNF receptor p55 exhibit endotoxin resis-
ing the single mutants. Mice deficient in one or bothtance (Pfeffer et al., 1993; Rothe et al., 1993). As direct
proteases reproduced normally and appeared healthycytotoxic effects of TNFa are not generally observed,
without any obvious abnormalities. Spontaneous infec-this cytokine appears to mediate its effect in septic
tions or signs of inflammatory disease were neither ob-shock via stimulation of a large variety of cell types
served macroscopically nor by histopathological exami-including leukocytes and neutrophils (Beutler and Cer-
nation (data not shown). The inactivation of the GE andami, 1988; Vassalli, 1992). The distal cellular and molecu-
CG gene loci was confirmed in bone marrow leukocyteslar effector mechanisms that ultimately lead to organ
at the mRNA and protein level (Figure 2). Mutagenesisfailure and death, which can also occur independently
of the GE locus did not affect expression of PR-3, aof TNFa in high-dose models of LPS-induced shock
homologous neutrophilserine protease gene that is(Rothe et al., 1993; Pasparakis et al., 1996), remain un-
closely linked to the GE locus in mouse and human
certain.
(Zimmer et al., 1992; Sturrock et al., 1998).
To determine the role of the nonoxidative effector
mechanism of neutrophils in host immunity and immu-
nopathology, we generated mice deficient in one or both Normal Granulocyte Development and Recruitment
of two highly abundant neutrophil serine proteases, GE in the Absence of Granulocyte Elastase
and CG, and investigated the effect of the single as and Cathepsin G
well as the combined mutations on leukocyte develop- Flow cytometric analysis of bone marrow leukocytes
ment, antifungal immunity, and the response to endo- revealed normal numbers of myeloid precursors and
mature granulocytes in the mutants (Figures 3A and 3B)toxin LPS.
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albicans (Figure 3E) and show normal phagocytic activ-
ity (Figure 3F). Thus, the absence of GE and CG neither
affects granulocyte development nor extravasation, nor
the recruitment of granulocytes and macrophages to
the site of inflammation.
Susceptibility to Fungal Infections in the Absence
of Granulocyte Elastase and Cathepsin G
Infections with opportunistic fungal pathogens such as
Aspergillus fumigatus are often found in association with
congenital defects affecting neutrophil development or
function (Mills and Noya, 1993). We therefore tested
whether the absence of GE and CG affected host immu-
nity to this microorganism. Mice were infected intrave-
nously with a dose of A. fumigatus spores sublethal to
wild-type mice and survival was monitored. As shown
in Figure 4A, wild-type mice were fully protected against
infection with 500,000 viable spores, whereas single and
double mutants showed varying degrees of susceptibil-
Figure 2. GE and CG Expression Is Undetectable in GE and CG ity. While 60% of the GE-deficient mice survived (median
Mutant Mice survival . 21 days), CG and double mutants showed
(A) Northern blot analysis of GE and CG expression in bone marrow further reduced survival probability and median survival
of GE- (left panel) and CG-deficient mice (right panel). Ethidium times of 13 6 4 and 10 6 3 days, respectively. Extending
bromide±stained agarose gel image of total bone marrow RNA from this study, we infected a group of animals with a lower
wild-type and mutant animals (top), RNA probed with GE cDNA
dose (Figure 4B). In this case, both single mutants and(middle, left) or CG cDNA probe (middle right), or PR 3 cDNA probe
wild-type mice were resistant to the infection (with the(bottom) are shown.
exception of one wild-type mouse), while 60% of the(B) Western blot analysis of GE and CG protein expression in bone
marrow of GE- or CG-deficient mice. Membranes were probed with double mutants did not survive. Thus, both GE and CG
rabbit anti-mouse GE antiserum (top, left) or anti-mouse CG antise- are required to provide full protection against A. fumiga-
rum (top, right). The bottom panels show Ponceau S±stained mem- tus. However, the presence of GE or CG can be sufficient
branes to confirm equivalent sample loading for wild-type and mu-
when the infectious inoculum is small.tant mice. Numbers indicate cell equivalents (3 106) of total cell
Histopathological analysis revealed that A. fumigatuslysate loaded per lane.
infections manifested in the brain as a fungal encephali-
tis (data not shown) and in the kidneys as a fungal pyelo-
nephritis with massive PMN influx leading to formationas identified by surface marker expression (Ly-6G/Gr1,
of characteristic abscesses enclosing fungal mycelia asCD11b/Mac-1). Unstimulated neutrophils from prote-
shown in Figure 4C. Although such abscesses were alsoase-deficient mice also showed normal granularity indi-
found occasionally in wild-type mice, their incidencecated by their side scatter (SSC) profiles (wild type
was much higher in the mutants with multiple abscesses33.4 6 0.3, GECG 34.3 6 0.9) and degranulated normally
often being observed (data not shown).in response to treatment with phorbol-12-myristate-13-
A quantitative figure demonstrating the impaired abil-acetate (PMA) as indicated by reduction of mean SSC
ity of the GE- and CG-deficient mice to restrict fungalvalues (wild type 23.2 6 1.4; GECG 24.7 6 0.7). Also,
growth in vivo was obtained by microbiological determi-treatment of mutant granulocytes with the chemotactic
nation of the fungal load in the kidneys 6 days after A.peptide formyl-MetLeuPhe (fMLP) induced the typical
fumigatus infection (Figure 4D). In accordance with theshape changes associated with neutrophil priming and
survival data above, wild-type mice had almost com-activation (Haslett and Condliffe, 1996) as assessed by
pletely cleared the fungal pathogen (16 mean colonylight microscopy (data not shown) and flow cytometry
forming units [CFU]), while the double mutants carriedusing the forward light scatter (FSC) parameter (unstim-
a substantial pathogen load in the kidneys (1009 meanulated wild type 403 6 8, GECG 414 6 10; fMLP treated
CFU). The fact that the single mutants show an ªinterme-wild type 502 6 15, GECG 522 6 8).
diateº phenotype, with mean CFU of 304 and 457 forProteolytic activity expressed by neutrophils may as-
GE- or CG-deficient mice, is in line with the survival datasist their release from the bone marrow or tissue infiltra-
above indicating an additive, protective effect of GE andtion in response to inflammatory stimuli. We therefore
CG in host immunity to A. fumigatus. Data obtained atdetermined, using a model of sterile peritonitis, whether
an earlier time point (d4) supported this finding (datagranulocyte recruitment was affected by the protease
not shown). Taken together, these data establish thedeficiency (Figure 3C). The analysis shows that granulo-
critical role of GE and CG in the control of A. fumigatuscytes develop normally and are recruited efficiently into
infection in vivo.an inflammatory response in the absence of GE and CG.
This also applies to the recruitment of macrophages
(Figure 3D), which may have been affected (Chertov Enhanced Resistance to Endotoxin in the Absence
of Granulocyte Elastase and Cathepsin Get al., 1997). Peritoneal exudate neutrophils of GECG
mutant mice also mobilize a normal respiratory burst in We chose the low-dose LPS model of endotoxic shock
(Galanos et al., 1979) to establish whether GE and/orresponse to stimulation with PMA or opsonized Candida
Immunity
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Figure 3. Granulocyte Development and Func-
tion in the Absence of GE and CG
(A and B) Relative numbers of myeloid precur-
sors (Gr-1lo) and mature granulocytes (Gr-1hi)
in bone marrow of wild-type and GECG mu-
tant mice (A) and total leukocyte counts (B)
(n . 3).
(C and D) Granulocyte (C) and macrophage
(D) recruitment in sterile peritonitis. PMN
granulocytes and macrophages were identi-
fied by flow cytometry as Ly-6G (Gr-1)hi/
CD11b1/F4802 and Ly-6G (Gr-1)2/CD11b1/
F4801, respectively (n . 3).
(E) Respiratory burst in peritoneal granulo-
cytes from GECG double mutants and con-
trols in response to PMA or opsonized C. albi-
cans. Oxidation of dihydro-rhodamine (DHR)
to rhodamine by products of the respiratory
burst is indicated by green fluorescence.
Mice deficient in p47phox and therefore un-
able to mobilize the oxidative burst served
as a negative control. Green fluorescence of
granulocytes defined by their light scatter
profiles is shown.
(F) Phagocytic activity of granulocytes from
GECG mutant mice. Internalization of FITC-
labeled, heat-killed C. albicans over time is
shown with standard deviations (n 5 3).
CG contributed to the pathology of this fatal immuno- To test whether ROI contributed to lethality in this
model of septic shock, mice deficient in p47phox andpathological syndrome. The response in this model is
associated with fulminant hepatitis (Tiegs et al., 1989) unable to mobilize the respiratory burst (D. Power,
A. W. S., and J. R., unpublished data; see Figure 3E)and a typical endotoxic shock leading to ªsudden deathº
of the animals, usually within 5±24 hr (Galanos et al., were included. No difference in lethality compared to
wild type was observed (Table 1), indicating that ROI1979). While 100 ng of LPS coinjected with the sensitizer
D-galactosamine (D-gal) induced lethal shock in 91% do not play a major role in the lethality observed in this
model of LPS-induced shock. Taken together, the dataof wild-type mice, more than 54% of GECG-deficient
mice survived this dose of endotoxin (Table 1). The en- indicate a role of the neutrophil serine proteases GE and
CG in the modulation and acceleration of the endotoxichanced resistance of the mutant mice was further and
perhaps most strikingly reflected in a generally extended shock response in vivo.
survival time after induction of shock as demonstrated
in Figure 5. While normal animals generally died early
within a narrow time window (435 6 8 min), the median Resistance to Endotoxin in the Absence of GE
and CG Despite Normal TNFa Releasesurvival time of the mutants was extended considerably
(GE, 477 6 88; CG, 560 6 47 min) and was most pro- and Neutrophil Recruitment
TNFa has been identified as a central mediator in thenounced in the case of the double mutants with 935 6
227 min. Whereas wild-type mice were virtually free of endotoxic shock response (Beutler and Cerami, 1988;
Paul and Ruddle, 1988; Beutler and Cerami, 1989), andsymptoms until the shock response, double mutants
gradually developed symptoms of endotoxemia includ- this has been confirmed in mutant mice lacking the cyto-
kine or its receptor p55 (Pfeffer et al., 1993; Rothe eting ruffled fur, eye discharge, and extended lethargy
before death. Similarly, 4/5 wild-type mice died within al., 1993; Marino et al., 1997). Since release of TNFa into
the serum requires proteolytic cleavage of a membrane-9 hr after induction of shock with 1 mg LPS, while only
1/5 double mutants died by 11 hr, when the health of bound precursor protein, the possibility was considered
that reduced serum levels of TNFa might explain thethe remaining animals began to deteriorate and the ex-
periment was terminated (data not shown). protection from endotoxic shock. As shown in Figure
Neutrophil Proteases in Immunity and Pathology
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Figure 4. Susceptibility of GE- and CG-Deficient Mice to Fungal Infection
(A and B) Survival probability plots (Kaplan-Meier) of experimental groups intravenously infected with (A) 5 3 105 viable A. fumigatus spores
(n 5 17±19 pooled from two independent experiments; log rank statistics for mutants pairwise against wild type with X2 5 8.62 and P 5 0.003
for GE, X2 5 17.2 and P , 0.001 for CG, X2 5 20.4 and P , 0.001 for GECG) or (B) 0.8 3 105 viable A. fumigatus spores (log rank statistics
for 8 GECG mice against 7 wild type after exclusion of the unusual death event X2 5 3.35, P 5 0.013).
(C) Diastase PAS-stained paraffin section of kidney tissue obtained 7 days after intravenous infection with 106 A. fumigatus spores shows
one of numerous characteristic abscesses enclosing mycelial A. fumigatus in CECG2/2 mice.
(D) Fungal load in kidneys of wild-type, GE (p , 0.002, Mann-Whitney-U test), CG-deficient mice (p , 0.005) and double mutants (p , 0.001)
6 days after intravenous infection with 5 3 105 A. fumigatus spores. Geometric means are indicated by horizontal lines.
5B, however, TNFa is strongly induced in serum upon appear slightly enhanced compared to wild-type mice,
indicating that GE and CG are not required for liverinjection of 100 ng LPS in both wild-type and mutant
mice. Similar levels of IL-6 were found in both genotypes infiltration by neutrophils. Proteolytic degradation of
chemotactic factors by GE and CG (Scuderi et al., 1991)(data not shown), while IL-1 was undetectable (,10 pg/
ml) at the low dose of LPS used in this model. could account for the apparently lower neutrophil influx
into the livers of wild-type mice.As shown in Figure 3, neutrophil recruitment into the
peritoneal cavity is not significantly affected by the ab- Although neutrophils accumulate in the liver of GECG
mutant mice, the absence of two major proteolytic en-sence of GE and CG. Migration into tissues, however,
may rely to a greater extent on proteolytic activity ex- zymes may result in reduced damage to surrounding
tissues compared to wild-type mice. Surprisingly, how-pressed by the infiltrating cells. Thus, reduced neutro-
phil infiltration of the liver might lead to reduced suscep- ever, the histopathological analysis of liver tissue (data
not shown) as well as measurement of liver enzymetibility to LPS-induced shock in this model. The data in
Figure 5C, however, show that substantial numbers of levels aspartate transaminase (AST) and alanine trans-
aminase (ALT) in the serum did not support the occur-PMN are recruited into the livers of CECG2/2 animals
upon induction of endotoxic shock. Their numbers rence of reduced damage to liver tissue in double mutant
Table 1. Endotoxic Shock Response of GE- and/or CG-Deficient Mice
Wild Type GE2/2 CG2/2 GECG2/2 p47phox2/2
Dose of LPS (mg) (Deaths/Total)
0.1 20/22 15/22 13/22 10/22 10/10
X2 5 3.41 X2 5 5.80 X2 5 10.24
P 5 0.065 P 5 0.016 P 5 0.0014
2.0 16/16 6/10 6/10 14/17 10/10
X2 5 7.27 X2 5 7.27 X2 5 3.98
P 5 0.007 P 5 0.007 P 5 0.046
The indicated dose of LPS was injected intraperitoneally with or without 20 mg D-gal sensitization. Survival of the animals was monitored for
3 days. No deaths were observed in control groups (n 5 8) treated with LPS or D-gal alone. Numbers are pooled from three independent
experiments. Log rank statistic X2 and significance P for the protease-deficient mice against wild type are given. ªnd,º not determined.
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Figure 5. Endotoxic Shock Response of GE-
and/or CG-Deficient Mice
(A) Enhanced resistance of D-gal sensitized
GE- and/or CG-deficient mice to normally le-
thal dose of 2 mg LPS. Kaplan-Meier survival
probability plot of mice treated with 20 mg
D-gal and 2 mg LPS (n . 10 pooled from two
independent experiments). Median survival
times were wild type, 435 6 8 min; GE, 477 6
88 min; CG, 560 6 47 min; GECG, 935 6 227
min; log rank statistic of the mutants pairwise
against wild type are X2 5 5.97, P 5 0.015 for
GE; X2 5 11.2, P , 0.001 for CG and X2 5
11.44, P , 0.001 for GECG.
(B) TNFa serum levels 90 min after induction
of shock with 100 ng LPS in sensitized wild-
type or GECG mutants animals. TNFa levels
in untreated mice (triangles) were below the
limit of detection (5 pg/ml). Geometric means
are indicated by horizontal bars.
(C) PMN neutrophil counts in livers 6 hr after
injection of D-gal and/or 100 ng LPS. Paraffin
sections stained with hematoxylin and eosin
were coded and PMN granulocytes were
counted in five random fields of 2 3 1027 m2
per section at 4003 magnification. Neutro-
phils inside vessels were excluded.
(D) ALT and AST levels in serum 6 hr after
induction of endotoxic shock with 100 ng LPS
and sensitization by D-gal.
mice (Figure 5D). Thus, GE and CG are not required for Discussion
the recruitment of neutrophils into the liver and do not
Critical Role of Nonoxidative Effector Mechanismappear to contribute significantly to the initial liver dam-
of Neutrophils in Host Immunityage observed in this model of endotoxic shock.
Susceptibility to fungal infection is observed in patients
with CGD and in the corresponding mouse models
(Jackson et al., 1995; Pollock et al., 1995; MorgensternProtection from Vascular Leakage and Pulmonary
et al., 1997). While these data demonstrate that ROI areTissue Destruction in Mice Lacking GE and CG
necessary for antifungal immunity, the study presentedThe late stages of endotoxic shock are associated with
here shows that this oxidative mechanism per se is notvasodilatation, vascular damage, plasma leakage into
sufficient for effective host protection: the activity ofthe extravascular space, and multiorgan failure (Parrillo,
neutrophil serine proteases is required. Thus, only the1993). The molecular mechanisms causing this terminal
activation of both oxidative and nonoxidative mecha-response are not clearly defined. To determine a possi-
nisms of neutrophils can generate sufficient microbici-ble contribution of GE and CG to vascular damage and
dal activity to control fungal infections in vivo.plasma leakage, we used a fluorescent tracer, bovine
Neutrophils from CGD patients are unable to damageserum albumin conjugated to FITC (FITC-BSA), and
fungal hyphae significantly in vitro, while purified cat-measured the amount of tracer leaked into the perito-
ionic neutrophil granule proteins are able to do so (Dia-neum upon induction of shock. Figure 6A shows that
mond and Clark, 1982). This suggests that neutrophil
wild-type mice that succumbed to shock had substantial
serine proteases may remain latent in neutrophils until
amounts of fluorescent tracer in the peritoneal lavage
activated by products of the respiratory burst. Such
fluid, while tracer levels in the double mutants were activation could result from the effect of ROI on the
comparable to controls, which had received LPS or phagolysosomal pH supporting the function of serine
D-gal only. proteases, with activity optima near neutral pH (Segal
Histopathological analysis of lung tissue (Figures 6B et al., 1981).
and 6C) further underlined this finding. While diffuse The fact that granule serine proteases of neutrophils
alveolar damage associated with massive plasma leak- share high homology and overlapping substrate speci-
age becomes apparent in the wild-type mice, mutants ficities (Rest, 1988) may lead to functional redundancy
lacking GE and CG are largely protected from this dam- in vivo. Our study, however, shows that the expression
age, which would lead to respiratory arrest (Tracey et of both GE and CG is required for full protection against
al., 1986), the most likely cause of death in the group A. fumigatus. These enzymes therefore have to be con-
of wild-type mice. Taken together, the data indicate that sidered nonredundant. The observation that the pres-
GE and CG play a major role in septic shock as effector ence of GE or CG can be sufficient to control the experi-
molecules contributing to vascular damage and plasma mental infection initiated with a low inoculum indicates
that GE and CG can substitute for each other underleakage associated with tissue destruction in the lung.
Neutrophil Proteases in Immunity and Pathology
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al., 1998). Also, GE was found to be the only neutrophil
granule protein responsible for killing Borrelia burgdorf-
eri in vitro (Garcia et al., 1998). Dose/response experi-
ments with a wider spectrum of microorganisms may
help to reveal further specific and/or differential roles
of GE and CG in the control of microbial infection in
vivo.
As observed in vitro (Diamond and Clark, 1982) GE
and CG may exert their activity by attacking microbes
directly in vivo. In addition, synergistic interaction of GE
and CG with other granule constituents may enhance
microbicidal activity (Neeman et al., 1974; Odeberg and
Olsson, 1976; Thorne et al., 1976; Gray et al., 1989). In
either case, the impaired resistance of GE- and/or CG-
deficient mice to A. fumigatus would result from the
inability of neutrophils to kill fungal spores and/or re-
strict the growth of A. fumigatus hyphae. The observed
formation of exuberant neutrophil infiltrates enclosing
mycelial A. fumigatus (Figure 4C) would support such a
direct fungicidal defect of neutrophils in the absence of
GE and CG.
Contribution of GE and CG to the Endotoxic
Shock Response
The impaired immunity of mice lacking GE and/or CG
is reflected in a marked resistance to LPS-induced endo-
toxic shock. Strikingly, the gradual differences of the
protease mutants in susceptibility to A. fumigatus are
mirrored in their gradually enhanced resistance to the
lethal effects of endotoxin LPS. The neutrophil protease
deficiencies thus illustrate directly that effective mecha-
nisms of host protection, while vital for survival of
infections, can have fatal consequences when activated
inappropriately. Significantly, we found no effect of the
absence of ROI on the lethality of shock in the LPS/D-
gal model (Table 1). This finding is in line with a recent
study using mice deficient in the NADPH oxidase and/
or inducible nitric oxide synthase (Nicholson et al., 1999)
Figure 6. Reduced Vascular Leakage and Pulmonary Tissue De- assessing the role of ROI and reactive nitrogen interme-
struction in Endotoxic Shock of GECG-Deficient Mice diates in different models of endotoxic shock.
(A) Fluorescent tracer levels of FITC-BSA in the peritoneal cavity The fact that normal levels of TNFa are produced in
after induction of shock with 100 ng LPS and D-gal in wild-type GECG2/2 mice indicates that the lethal outcome of
mice (closed circles) and GECG mutants (open circles) are shown.
shock is not due to direct effects of TNFa onto the failingMice injected with 1 mg LPS or D-galactosamine alone served as
tissues in this model but is mediated and amplified bynegative controls (closed diamonds).
neutrophils and their nonoxidative effector mechanism.(B and C) Martius-scarlet-blue-stained paraffin sections of lung tis-
sue from wild type (B) and GECG mutant mice (C) after induction of Neutrophil activation and degranulation in response to
endotoxic shock. The ªshock lungº of wild-type mice shows diffuse TNFa (Klebanoff et al., 1986) may play a role in the
alveolar damage with plasma leakage into alveoli with red cell ex- release of granule enzymes such as GE, which can be
travasation, thrombus formation in pulmonary arterioles (arrows),
found at elevated levels in septic human plasma (Tanakavasodilatation with slugging of red blood cells in alveolar capillaries,
et al., 1991). Taken together, our analysis shows thatand incipient necrosis of alveolar walls. GECG mutants are protected
neutrophils, GE and CG, but not ROI are critical effectorsfrom this damage (C). In (B) and (C), ªaº indicates the pulmonary
artery, and ªbº indicates the bronchiole. downstream of TNFa in the endotoxic shock cascade.
Why does the fungicidal activity of neutrophils require
the concerted activity of both ROI and serine proteases,certain conditions, perhaps when the proteolytic activity
while the nonoxidative effector mechanisms are suffi-of neutrophil granule enzymes is not limiting.
cient to enhance susceptibility to endotoxin? Neutraliza-While our study indicates an additive effect of GE and
tion of A. fumigatus spores would occur after theirCG in the protection against A. fumigatus, the possibility
phagocytosis by neutrophils in the phagolysosome. Theremains that these granule serine proteases may also
pH shift in this compartment necessary for the activityhave further microbe-specific activities. Such a mi-
of neutral serine proteases would depend on the pro-crobe-specific function would be supported by the find-
duction of ROI (Segal et al., 1981). Neutral proteasesing that mice deficient in GE show susceptibility to gram-
negative but not gram-positive bacteria (Belaaouaj et discharged from activated neutrophils interacting with
Immunity
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Nucleic Acid Analysisthe endothelium during shock, however, would be ex-
Total RNA from bone marrow cells of wild-type and mutant animalsposed to a pH neutral environment and therefore hy-
was isolated using a guanidinium isothiocyanate extraction proce-drolyze their extracellular substrates efficiently in the
dure (Chomczynski and Sacchi, 1987). Genomic DNA was isolated
absence of ROI. as described (Laird et al., 1991). After digestion with appropriate
Activated neutrophils as well as purified GE can dam- restriction enzymes, genomic DNA was separated by agarose gel
electrophoresis and transferred to nylon membranes (Amersham-age endothelial cells in vitro, while ROI do not contribute
Pharmacia Biotech). RNA was separated by agarose gel electropho-significantly to this cytotoxic activity (Smedly et al.,
resis in the presence of formaldehyde and transferred to positively1986). Protection from direct endothelial damage in the
charged nylon membranes using 103 SSC. Hybridization of mem-
absence of GE and CG is therefore perhaps the most branes was carried out as described (Church and Gilbert, 1984).
likely mechanism to account for the resistance of GECG
mutants to LPS-induced shock, pulmonary tissue de-
Analysis of Protease Expression by Western Blotstruction, and vascular leakage. However, the possibility
Bone marrow cells were washed in PBS, sonicated, and heat dena-
remains that neutrophil serine proteases, perhaps syn- tured in the presence of protease inhibitors 0.01 mg/ml N-p-Tosyl-
ergistically with other neutrophil products, could also L-lysine chloromethyl ketone, 0.01 mg/ml leupeptin, 0.01 mg/ml
contribute to the dysregulation of systemic and regional pepstatin A, and 2 mM phenylmethylsulfonyl fluoride (Sigma Chemi-
cal). Total cell lysates were separated on a 12.5% v/v SDS-PAGEvascular tone during shock, for example by modulating
gel and transferred onto reinforced cellulose nitrate membranethe generation or degradation of vasoactive peptides
(Schleicher and Schuell). Membranes were stained with Ponceau Ssuch as endothelin 1 or angiotensin II (Patrignani et al.,
(Sigma Chemical) to visualize proteins, blocked in Tris-buffered sa-
1991; Kaw et al., 1992). line containing 3% w/v virtually fat-free milk powder, 1% w/v BSA,
Taken together, the analysis of mice deficient in gran- and 0.05% v/v Tween 20 and incubated with the protease-specific
ulocyte elastase and cathepsin G presented in this study rabbit antisera raised against recombinant proteins. Binding of anti-
serum was revealed by incubation with horseradish-peroxidase-establishes the critical contribution of the nonoxidative
conjugated goat anti-rabbit IgG (Sigma Chemical) and developedeffector mechanism of neutrophils to host immunity and
by enhanced chemiluminescence followed by exposure to chemilu-immunopathology in vivo, and identifies granulocyte
minescence film (Amersham Pharmacia Biotech).
elastase and cathepsin G as important effector mole-
cules in antifungal immunity and endotoxic shock.
Monoclonal Antibodies and Flow Cytometry
Fluorochrome-conjugated antibodies to Gr-1 (Ly-6G) and CD11b
were obtained from PharMingen and the antibody specific for F4/
Experimental Procedures
80 from Serotec. Stained cell populations were analyzed with a
FACScan flow cytometer (Becton Dickinson).
Generation of Granulocyte Elastase± and Cathepsin
G±Deficient Mice
Gene targeting in mouse embryonic stem (ES) cells was performed Neutrophil Degranulation and Shape Change
as described previously (Roes and Rajewsky, 1993). The GE gene Bone marrow leukocytes were resuspended in PBS/0.2% BSA/5
was isolated from a P1 mouse ES cell library (strain 129Sv; Genome mM glucose and a sample and fixed in 1 vol ice-cold PBS/8%
Systems). The bacteriophage P1-derived Cre recombinase gene formaldehyde before or after stimulation with 1 mg/ml PMA at 378C.
(Sauer and Henderson, 1988) was modified by PCR-directed muta- Samples were taken at 5, 10, 20, and 30 min and fixed as above.
genesis to remove GC pairs from the coding sequences (unpub- Fixed cells were stained with an antibody to Ly-6g/Gr-1 to identify
lished data) and incorporated at the ATG start codon into the elas- granulocytes and analyzed by flow cytometry. Gr-1hi cells were gated
tase locus similar to an approach described previously (Rickert et and side scatter profiles were analyzed. Degranulation becomes
al., 1995). This knockin inactivates the GE gene on the one hand apparent in a progressive loss of SSC signal over time.
and leads to expression of the Cre recombinase in myeloid cells on To assess the shape change response of neutrophils to f-MLP,
the other, permitting conditional mutagenesis (Rajewsky et al., 1996) bone marrow leukocytes were isolated in PBS/0.2% BSA/5 mM
in myeloid precursors of target genes tagged with loxP sites (unpub- glucose. Cells were stimulated with 100 pM f-MLP for 10 min at
lished data). The neomycin resistance gene, itself flanked by loxP 378C and the reaction was stopped by transfer into 1 vol ice-cold
sites, was removed from homologous recombinant ES cell clones PBS/0.2% BSA/0.1% NaN3. Cells were stained with anti-Ly6G/Gr-1
as above and the FSC profile of granulocytes (Gr-1hi) was analyzedby transient expression of the Cre recombinase (Gu et al., 1993).
by flow cytometry.The CG targeting vector was assembled from genomic fragments
amplified by PCR following standard procedures. The genomic locus
of the mouse CG gene was amplified by PCR using the following
Induction of Sterile Peritonitisoligonucleotides containing restriction sites (Xho1 or Sal1) at their
Thioglycollate broth (3%) (Difco Laboratories) were injected intra-59 ends to facilitate cloning and assembly of the targeting vector:
peritoneally at 0.7 ml/20g bodyweight. Animals were killed by CO2(59-39) ATCACTAGTATAATGCCCTGTGC, AGCTTTAAATGATGAAA
asphyxiation, and peritoneal exudate cells were recovered by perito-CCTTT, GAAGATCATTGGAGGCCGAG, CCTGCAAAGAGATCTTG
neal lavage with PBS containing heparin at 10 U/ml.GCAC, AGATCTGTGTGGGAAACCC, AGATCTGAGTCTGGCTGTTG,
and ATGCTCCTCAGTATCGATACATGG. A neomycin resistance
gene flanked by two loxP sites was introduced upstream of exon 2 Phagocytosis Assay
and a further loxP site was inserted in exon 4. Following transient Peritoneal exudate cells were incubated with FITC-labeled, heat-
transfection with a Cre expression vector as above, clones carrying killed C. albicans at 378C for the time indicated. Samples were trans-
the full deletion spanning exons 2, 3, and part of exon 4 were identi- ferred into prechilled microtiter tray wells containing cytochalasin B
fied by PCR and Southern blot analysis. Chimeric mice were gener- (Sigma Chemical) to 5 mM final concentration to stop phagocytosis.
ated and the respective mutant lines were established on the 129Sv Cells were stained with anti-Ly-6G/Gr-1 and analyzed in the pres-
background. The mouse colony was maintained in a nonbarrier facil- ence of 1 mg/ml ethidium bromide (Sigma Chemical) to label extra-
ity. No signs of spontaneous infections were observed, macroscopi- cellular C. albicans. Granulocytes were defined by successive gating
cally or histopathologically. For fungal infection experiments, ani- in forward/side light scatter and Fl-3 for Gr-1 positive cells. Ethidium
mals were transferred to microisolator cages and treated with bromide stains the DNA of heat-killed fungi giving red fluorescence.
antibiotics (Enrofloxacin 50 mg/l; Bayer) in the drinking water to Once ingested by the phagocyte, the conidia are protected from
ethidium bromide while the green fluorescence remains visible.prevent opportunistic bacterial superinfections.
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